HIV-1 Tat stimulates transcription elongation by recruiting the P-TEFb (positive transcription elongation factor-b) (CycT1:CDK9) C-terminal domain (CTD) kinase to the HIV-1 promoter. Here we show that Tat transactivation also requires the Ssu72 CTD Ser5P (S5P)-specific phosphatase, which mediates transcription termination and intragenic looping at eukaryotic genes. Importantly, HIV-1 Tat interacts directly with Ssu72 and strongly stimulates its CTD phosphatase activity. We found that Ssu72 is essential for Tat:P-TEFb-mediated phosphorylation of the S5P-CTD in vitro. Interestingly, Ssu72 also stimulates nascent HIV-1 transcription in a phosphatasedependent manner in vivo. Chromatin immunoprecipitation (ChIP) experiments reveal that Ssu72, like P-TEFb and AFF4, is recruited by Tat to the integrated HIV-1 proviral promoter in TNF-a signaling 2D10 T cells and leaves the elongation complex prior to the termination site. ChIP-seq (ChIP combined with deep sequencing) and GROseq (genome-wide nuclear run-on [GRO] combined with deep sequencing) analysis further reveals that Ssu72 predominantly colocalizes with S5P-RNAPII (RNA polymerase II) at promoters in human embryonic stem cells, with a minor peak in the terminator region. A few genes, like NANOG, also have high Ssu72 at the terminator. Ssu72 is not required for transcription at most cellular genes but has a modest effect on cotranscriptional termination. We conclude that Tat alters the cellular function of Ssu72 to stimulate viral gene expression and facilitate the early S5P-S2P transition at the integrated HIV-1 promoter.
Functional studies of the HIV-1 transcriptional activator Tat have revealed new insights into the early steps of RNA polymerase II (RNAPII) elongation in mammalian cells. Expression of integrated HIV-1 provirus requires the host cell CycT1:CDK9/P-TEFb (positive transcription elongation factor-b) complex (Zhou et al. 2012; Kwak and Lis 2013) . Limiting levels of CycT1 strongly restricts the expression of viral genes in latently infected resting memory CD4 + T cells and macrophages (Mbonye and Karn 2012; Ramakrishnan et al. 2012) . P-TEFb phosphorylates multiple substrates at the core promoters, including Spt5/DSIF, NELF (negative elongation factor), and the H2BUb1 ubiquitin ligase UBE2A. P-TEFb is also an important RNAPII C-terminal domain (CTD) kinase that phosphorylates the heptad repeats during early elongation (Eick and Geyer 2013) . The interaction of Tat with CycT1 directly stimulates P-TEFb kinase activity and targets the P-TEFb complex to HIV-1 TAR RNA. Additional interactions with the AFF4 subunit of the superelongation complex (SEC) (Luo et al. 2012 ) enhances binding to P-TEFb and TAR RNA and can further stimulate P-TEFb CTD kinase activity (He et al. 2010; Sobhian et al. 2010; Chou et al. 2013; Schulze-Gahmen et al. 2014 ). In addition, cellular levels of active P-TEFb are tightly regulated by the stress-sensitive HEXIM1:7SK snRNP complex (Zhou et al. 2012) . Interestingly, the BRD4 bromodomain protein promotes P-TEFb occupancy and basal transcription from the HIV-1 core promoter but competes with Tat for P-TEFb and inhibits Tat transactivation (Mbonye and Karn 2012; Ramakrishnan et al. 2012; Zhou et al. 2012) . Similarly, RNF20 is required for basal, but not Tat-activated, HIV-1 transcription (Br es et al. 2009 ), indicating that Tat bypasses the normal function of a subset of cellular transcription factors.
A key function of Tat is to counteract negative elongation factors at the basal promoter (Jadlowsky et al. 2014) , including the RNA-binding NELF complex associated with RNAPII pausing (Kwak and Lis 2013) . In addition to pausing, nascent HIV-1 transcripts are also subject to premature termination and processing by the Setx (Senataxin; Sen1 in Saccharomyces cerevisiae), Xrn2 59-to-39 exonuclease, and Microprocessor (Dgcr8/Dicer) complexes Wagschal et al. 2012) . In yeast, the Sen1:Nrd1:Nab3 complex functions with the nuclear exosome to terminate snRNAs, cryptic unstable transcripts, and other noncoding RNAs (Buratowski 2009; Kuehner et al. 2011 ). This complex also regulates premature transcription termination at a subset of proteincoding genes (Grzechnik et al. 2014 ), including glucoseregulated genes, and negatively regulates Ras signaling (Darby et al. 2012) . This attenuation process is RNA sequence-dependent and can be overcome by increased RNAPII elongation (Hazelbaker et al. 2013) . At the HIV-1 promoter, stable short TAR-containing RNAs produced by Setx and the Microprocessor complex can accumulate and further down-regulate viral transcription, thereby reinforcing latency (Wagschal et al. 2012) . Thus, the binding of pausing and premature termination factors to nascent viral transcripts, combined with highly limiting levels of P-TEFb, provide a strong barrier to viral gene expression in resting T cells. Further studies of the Tat transactivation mechanism are needed to develop this important paradigm for understanding the regulation of elongation by sequencespecific RNA-binding proteins.
Paused RNAPII complexes contain high levels of Ser5P (S5P)-CTD, which decline during the transition from initiation to elongation and again from elongation to termination, concomitant with increased S2P-CTD (Eick and Geyer 2013) . Several phosphatases have been implicated to control S5P-CTD levels and coordinate these transitions at active genes. The Ssu72 CTD phosphatase selectively removes S5P and S7P without affecting S2P (Ganem et al. 2003; Krishnamurthy et al. 2004; Xiang et al. 2012; Zhang et al. 2012) . In S. cerevisiae, Ssu72 predominantly occupies the 39 end of genes, where it promotes termination in conjunction with either CPF/ CPSF or Sen1:Nrd1:Nab3 complexes (Dichtl et al. 2002; He et al. 2003; Steinmetz and Brow 2003) . At gene terminator regions, the Ssu72 CTD phosphatase activity can be stimulated by the symplekin (yeast Pta1) termination factor (Xiang et al. 2010) . However, Ssu72 can also be detected at many core promoters, presumably through binding to TFIIB (St-Pierre et al. 2005) . Both Ssu72 and TFIIB stabilize promoter-terminator gene loops (Singh and Hampsey 2007; Perkins et al. 2008) . Intragenic gene looping appears to be an invariable downstream consequence of gene activation but is not required for transcription (Hampsey et al. 2011) . Gene loops are associated with transcriptional memory, facilitated reinitiation, and association with nuclear pores (Tan-Wong et al. 2009; Hampsey et al. 2011 ) and can also confer directionality to bidirectional promoters (Tan-Wong et al. 2012) . Although Ssu72 predominantly regulates S5P-CTD at the 39 ends of genes, it may also act at the 59 end of some genes and can stimulate transcription elongation in vitro (Dichtl et al. 2002, Reyes-Reyes and . Another S5P-CTD phosphatase, Rtr1/RPAP2, is implicated to regulate the S5P-S2P transition at gene promoters in yeast (Mosley et al. 2009 ), although the ability of Rtr1 to remove Y1P (Hsu et al. 2014 ) is also consistent with a role in termination. A third candidate, the small CTD phosphatase SCP-1, regulates S5P-CTD levels in the promoter region of neuronal genes (Eick and Geyer 2013) . Unlike SCP1 and many CTD-binding proteins, the catalytic activity of Ssu72 requires the cis rather than the more prevalent trans configuration of the P-Ser5-Pro6 bond in the heptad repeats. Consequently, the Pin1 peptidylprolyl isomerase (Hanes 2014) , which preferentially isomerizes this bond, is rate-limiting for Ssu72 activity in vivo (Werner-Allen et al. 2011 ).
Here we show that HIV-1 Tat, like the human symplekin termination factor, interacts directly with the C terminus of Ssu72 and strongly stimulates its CTD phosphatase activity in vitro. In turn, Ssu72 potently synergizes with Tat in a phosphatase-dependent manner to activate transcription from an integrated HIV-1:Luc promoter in HeLa cells. Moreover, we show that Ssu72 is recruited by Tat, together with P-TEFb and AFF4, to the 59 end of the integrated HIV-1 proviral promoter in the 2D10 T-cell line, a model for HIV-1 latency . Knockdown of Ssu72 impairs Tat transactivation in HeLa and 2D10 T cells and affects S5P-RNAPII levels at the HIV-1 promoter in vivo. In cell-free kinase assays, the removal of S5P-CTD by Ssu72 is essential for Tat:P-TEFb-mediated S2P-CTD. ChIP-seq (chromatin immunoprecipitation [ChIP] combined with deep sequencing) and GRO-seq (genome-wide nuclear run-on [GRO] combined with deep sequencing) analysis of Ssu72 in human embryonic stem cells reveals that Ssu72 predominantly localizes with S5P-RNAPII at promoters, with much lower levels detected in gene terminator regions, although a subset of active genes, including NANOG, contains high levels of Ssu72 at both promoter and terminator regions. Unlike P-TEFb, Ssu72 is dispensable for transcription at many cellular genes. Taken together, these findings suggest that Tat uses Ssu72 as an anti-termination factor and stimulates the catalytic activity of both Ssu72 and P-TEFb to coordinate the loss of S5P-CTD with the acquisition of S2P-CTD during early elongation. Because Ssu72 is not commonly required for cellular gene transcription, it could be a useful target to selectively disrupt viral gene expression in infected cells.
Results

HIV-1 Tat interacts directly with the Ssu72 RNAPII CTD phosphatase
To identify novel regulators of HIV-1 transcription, we carried out a proteomics analysis of Tat complexes using the multidimensional protein identification technology (MudPIT) approach. To start, the full-length HIV-1 HATat (amino acids 1-101) protein was affinity-purified from a Tet-OFF/Tat-ON HeLa cell line (Supplemental Fig.   S1A ). Mass spectrometry analysis of this fraction (Fig.  1A) revealed the presence of several proteins known to be required for Tat activity, including CycT1, AFF4, Cold Spring Harbor Laboratory Press on October 24, 2017 -Published by genesdev.cshlp.org Downloaded from and SirT1, and a CDK9 T-loop phosphatase, PPM1G (McNamara et al. 2013) . Consistent with previous reports (Sobhian et al. 2010) , the Tat fractions also contained inhibitory 7SK snRNP subunits MECPE and LARP7 and not HEXIM1. Interestingly, we noted that these fractions were also enriched for the Ssu72 CTD phosphatase, which has not been previously reported to affect Tat transactivation. Binding to native Ssu72 was confirmed by Western blot of HA-Tat immunoprecipitates isolated from Tat-expressing HeLa cells (Fig. 1B) .
To address whether Ssu72 is also present in native HIV-1 Tat complexes assembled in infected T cells, we analyzed extracts from 2D10 T (Jurkat) cells, which contain a single proviral insertion of HIV-1 NL4-3 and express Tat (amino acids 1-86) under the control of the proviral long terminal repeat (LTR) promoter ). Tat expression is induced rapidly in response to T-cell receptor signaling in these cells, dependent on activation of ERK kinases and CDK9 phosphorylation at S175 (Mbonye et al. 2013) , and can also be induced strongly, but with much slower kinetics, in response to TNF-a signaling. The 2D10 HIV-1 NL4-3 transgene encodes the fluorescent d2EGFP protein in place of the viral Nef gene, which can be used as a reporter for transcription activation. Activation of the latently infected 2D10 cells by TNF-a treatment induced HIV-1 mRNA with delayed (4-6 h) kinetics, as measured by quantitative RT-PCR (qRT-PCR) (Supplemental Fig. S1B ), and strongly increased d2EGFP expression within 5-6 h, as measured by flow cytometry (Supplemental Fig. S1C ). The native HIV-1 Tat protein expressed from the endogenous LTR promoter was readily detected by immunoblot following TNF-a treatment (Fig. 1C) . Importantly, endogenous Ssu72 coimmunoprecipitated with Tat and P-TEFb in extracts from TNF-a-treated 2D10 cells (Fig. 1C) . In contrast, Tat did not associate with SCP1, a distinct RNAPII CTD S5P-specific phosphatase.
To assess whether Ssu72 associates with Tat or P-TEFb, wild-type and mutant GST-Tat proteins were purified and analyzed for binding to recombinant S-tagged human Ssu72 in pull-down experiments. As shown in Figure 1D , purified S-Ssu72 bound strongly to GST-Tat (amino acids 1-86) but not to GST-Tat (amino acids 1-48), whereas recombinant S-CycT1 (amino acids 1-333) recognized both GST-Tat proteins, and no binding to GST was observed. Additional mapping experiments revealed weak but specific binding of Ssu72 to GST-Tat (amino acids 1-54) and stronger binding to longer Tat fragments that include the Arg-rich motif (Fig. 1E) . However, removal of the Tat N-terminal Pro-rich motif (GST-Tat [amino acids 38-72]) also destroyed binding to Ssu72 (Fig. 1E ), indicating that the interaction requires both the N-terminal domain and CTD of Tat.
Human Ssu72 contains an N-terminal phosphatase domain and a C-terminal coiled-coil domain, which binds to symplekin. In vitro pull-down experiments showed that recombinant Flag-Tat binds full-length GST-Ssu72 as well as mutants that lack the phosphatase domain but did not recognize a mutant lacking the C terminus (Fig. 1F) . Further mapping revealed that in-frame deletion of the Ssu72 coiled-coil domain (Ssu72DCC) destroyed binding to Ssu72 in vivo (Fig. 1G) . Interestingly, S-CycT1 (amino acids 1-333) was unable to bind to Ssu72 directly but was able to do so in the presence of Tat (Fig. 1H , cf. lanes 4 and 6). Sucrose gradient density fractionation of 2D10 cell extracts before and after TNF-a signaling further revealed that a fraction of virus-expressed Tat cosediments with native Ssu72 (Supplemental Fig. S1D ). At present, it is unclear whether Ssu72 can be incorporated into the Tat: P-TEFb complex or forms a distinct complex with Tat in infected cells.
Ssu72 stimulates HIV-1 Tat transactivation in a CTD phosphatase-dependent manner
Although Ssu72 can regulate transcription elongation at some yeast genes, it is unclear whether it does so in mammalian cells. Given its association with Tat, we next tested whether ectopic Ssu72 affects the activity of the integrated HIV-1:Luc reporter gene in HeLa cells in the presence or absence of Tat (Fig. 2) . These experiments were carried out with and without the Pin1 peptidyl-prolyl isomerase, which is critical for Ssu72 catalytic activity. Interestingly, we found that Ssu72 and Pin1 synergistically induce basal HIV-1 core promoter activity in HIV-1:Luc cells ( Fig. 2A) . Interestingly, Ssu72 was a relatively weak activator in the absence of Pin1, suggesting that the response may depend on Pin1-mediated isomerization of the CTD. Ssu72 and Pin1 also activated an unintegrated HIV-1:Luc reporter gene in cotransfection experiments in HeLa cells (Supplemental Fig. S2A ). We did not observe activation of the p21 promoter or TOP-FLASH reporter genes, indicating that Ssu72 transactivation is promoterspecific. These data indicate that both Ssu72 and Pin1 are limiting for HIV-1 core promoter activity in vivo.
We next tested whether Ssu72 also stimulates Tat transactivation of the integrated HIV-1:Luc reporter in HeLa cells. Importantly, Ssu72 functioned synergistically with Tat in a dose-dependent manner to activate HIV-1 expression (Fig. 2B ). The synergy between Tat and Ssu72 did not require coexpression with Pin1. Presumably, in this case, the Tat-stimulated Ssu72 relies on the endogenous Pin1 PPIase. Consistent with this scenario, knockdown of Pin1 reduced Tat transactivation in vivo (Supplemental Fig. S2B ), although we cannot rule out the possibility that Tat might have cryptic PPIase activity. Ssu72 stimulation of Tat was TAR-dependent in vivo (Supplemental Fig. S2C ). Further analysis revealed that point mutations in the Ssu72 catalytic site (C12S) or D loop (D143A) effectively eliminated Ssu72 stimulatory activity (Fig. 2C) , indicating that transcriptional activation requires Ssu72 phosphatase activity. Western blot analysis confirmed expression of the mutant proteins (Fig.  2C) , and coimmunoprecipitation experiments showed that they retained the ability to bind Tat (Fig. 2D) . Moreover, a mutant Ssu72 protein lacking the C-terminal coiled-coil domain (DCC), which destroys binding to Tat, was unable to stimulate Tat transactivation in vivo (Fig. 2E ). To confirm that the effect of Ssu72 is transcriptional, we carried out nuclear run-on experiments in the presence of biotin-UTP and recovered newly formed transcripts on strepavidin beads. As shown in Figure 2F , Ssu72 strongly stimulated nascent mRNA synthesis in the presence of Tat, whereas the catalytically inactive C12S mutant had no effect. The effect of Tat in the nuclear run-on assay was dose-dependent and had no effect on the endogenous p21 gene used as a control (Supplemental Fig. S2D ). We conclude that Ssu72 binds to Tat and activates viral transcription in a phosphatase-dependent manner.
Tat stimulates Ssu72 RNAPII CTD phosphatase activity in vitro
Previous studies have shown that the binding of symplekin to the C terminus of Ssu72 strongly stimulates its CTD phosphatase activity (Xiang et al. 2010) . Because Tat also interacts with this region, we addressed whether it might also affect Ssu72 catalytic activity. For these studies, in vitro phosphorylation experiments were carried out using a TFIIH:CDK7-phosphorylated GST-CTD (human) substrate containing 52 heptad repeats (Fig. 3A) . Extensive S5P was confirmed by immunoblot with the H14 antibody, and we also detected high levels of S7P using the 4E12 antibody. Incubation of the hyperphosphorylated S5P-, S7P-CTD with purified wild-type Ssu72 resulted in a dose-dependent loss of S5P and S7P in vitro (Fig. 3A, lane 5) . Consequently, the number of unphosphorylated CTD repeats increased in these reactions, as detected with the 8WG16 antibody, and the overall migration of the CTD increased. As expected, CTD phosphorylation was unaffected by the Ssu72 C12S mutant (Fig. 3A, lane 6) . Interestingly, the loss of S5P and S7P was accelerated in reactions containing Tat (Fig. 3A , cf. lanes Cold Spring Harbor Laboratory Press on October 24, 2017 -Published by genesdev.cshlp.org Downloaded from 4,5 and lanes 9,10). A detailed kinetic analysis (Fig. 3B) confirmed that Tat stimulates Ssu72-mediated removal of S5P and S7P, most notably at the 60-min and 90-min time points, and results in a more extensively dephosphorylated CTD, as indicated by immunoblot with the 8WG16 antibody. Moreover, the stimulation of Ssu72 activity by Tat was dose-dependent (Fig. 3C) , and the highest level of Tat used in this study had no effect on S5P-CTD levels in the absence of Ssu72. To assess whether Tat stimulation of Ssu72 requires the Arg-rich motif, we identified several point mutations, including R49A and R53A, that reduce binding of Tat to Ssu72 in vitro (Fig. 3D) . Further analysis revealed that these mutants were unable to stimulate Ssu72 CTD phosphatase activity in vitro (Fig.  3E) . We conclude that Tat binds to the C terminus of Ssu72 and strongly stimulates its CTD phosphatase activity.
Ssu72 is required for Tat:P-TEFb to access the S5P-CTD in vitro Paused RNAPII complexes, which form at the HIV-1 promoter prior to Tat:P-TEFb transactivation, are highly phosphorylated at the S5 position due to the action of the TFIIH:CDK7. Thus, the substrate for Tat:P-TEFb complexes at the proviral promoter is not the unphosphorylated CTD but an extensively S5P-RNAPII. However, it was recently reported that CTD peptides containing S5P can potently inhibit phosphorylation by P-TEFb in vitro (Czudnochowski et al. 2012) , indicating that a S5P-specific CTD phosphatase may be required for P-TEFb to access the CTD. Consequently, we next addressed whether Ssu72 can act coordinately with Tat:P-TEFb in cell-free kinase assays using purified recombinant enzyme complexes (Fig. 4) . As expected, Tat strongly stimulated P-TEFb-mediated phosphorylation of the unphosphorylated GST-CTD substrate, as assessed using the 3E10 (S2P-specific) and H14 (S5P-specific) antibodies (Fig.  4A) . In contrast, Tat did not significantly enhance dual S2-, S5-CTD phosphorylation in these reactions, as detected with the H5 antibody (Eick and Geyer 2013) . Previous studies have shown that Tat stimulates P-TEFb catalytic activity without changing the CTD substrate specificity (Czudnochowski et al. 2012) . Consistent with those conclusions, increased levels of P-TEFb resulted in extensive CTD phosphorylation even in the absence of Tat (data not shown).
We next addressed whether the CTD phosphatase activity of Ssu72 is necessary for P-TEFb to phosphorylate In vitro purified recombinant S-tagged Ssu72 was incubated with GST, wild-type GST-Tat86, or mutant GST-Tat86 proteins as indicated. The recovered pull-down products were subjected to immunoblot analysis with anti-GST (to detect GST or GST-Tat86) or anti-Ssu72 antibodies. The amounts of GST and GST-Tat86 proteins were monitored by Commassie staining. (E) The phosphatase assays were performed as in A for GST-Ssu72 except that the wild-type or mutant GST-Tat86 proteins were used, as indicated.
the S5P-GST-CTD substrate in vitro (Fig. 4B) . In these experiments, P-TEFb and Tat were incubated alone or in the presence of Ssu72 with a GST-CTD substrate that had been previously phosphorylated by TFIIH:CDK7. The TFIIH:CDK7-phosphorylated CTD was extensively phosphorylated at S5 and S7 but not S2 (Fig. 4B , cf. lanes 1 and 2). However, P-TEFb was unable to phosphorylate this CTD substrate at the S2 position (Fig. 4B, lane 3) , indicating that it cannot function on this substrate. Addition of Ssu72 to these reactions substantially reduced S5P and S7P levels (Fig. 4B, lane 4) and, when further incubated with P-TEFb, allowed robust S2P to occur (Fig.  4B, lane 5) . Because Ssu72 removes S5P and S7P without affecting S2P, the CTD in these reactions is predominantly phosphorylated at the S2 position. Most importantly, addition of Tat to these reactions further stimulated the removal of residual S5P by Ssu72 (H14 antibody, long exposure in Fig. 4B , cf. lanes 4 and 8) and also increased P-TEFb-induced S2P levels (Fig. 4B , cf. lanes 4,5 with 8,9). These data indicate that Ssu72 can cooperate with Tat:P-TEFb to create a CTD that is highly enriched in S2P. Although the S5P-S2P switch is extensive in these reactions, the effects on total CTD phosphorylation are likely to be more nuanced in vivo, where Tat may reset the overall S2P, S5P, and S7P pattern as required to attract CTD-binding proteins to the RNAPII elongation complex.
Ssu72 affects transcription and S5P-RNAPII levels at the HIV-1 promoter in vivo
We also examined the effect of depleting native Ssu72 on Tat transactivation and RNAPII phosphorylation in vivo using the HeLa HIV-1:Luc reporter cell line. Knockdown of endogenous Ssu72 with two different siRNAs reduced Tat transactivation in these cells to an extent comparable with that observed by depletion of the superelongation subunit AFF1 (Fig. 5A) . In contrast, Tat transactivation was unaffected by knockdown of two unrelated CTD phosphatases, RPAP2 or SCP1 (Fig. 5B) , indicating that these factors do not function at the HIV-1 promoter.
In S. cerevisiae, Ssu72 localizes predominantly at the 39 end of genes, where it removes residual S5P-CTD in connection with increased S2P and loading of the CPF/ CPSF termination complex and contacts factors such as TFIIB at the promoter to initiate gene looping (Hampsey et al. 2011) . To investigate whether Ssu72 affects RNAPII phosphorylation at the HIV-1 promoter, we analyzed S5P-RNAPII levels by ChIP in HeLa HIV-1:Luc cells. Interestingly, knockdown of Ssu72 increased S5P-RNAPII at the HIV-1 promoter and decreased S2P at the 39 end of the proviral coding region (Fig. 5C ). In contrast, reduced levels of Ssu72 had no effect on the occupancy of Tat, P-TEFb, or total RNAPII. Moreover, Ssu72 knockdown had no effect on global S5P-RNAPII levels, indicating that it is not a global CTD S5P-specific phosphatase in these cells. These studies suggest that Ssu72 controls the RNAPII S5P-S2P transition at the integrated proviral promoter.
Tat recruits Ssu72 together with P-TEFb to the integrated HIV-1 proviral promoter in 2D10 T cells
To explore the role of Ssu72 within the context of activation of latent viral transcription in T cells, we used the 2D10 system ), which provides a useful model to study the induction of HIV-1 transcription in response to TNF-a or TCR signaling. In this system, Tat is expressed from the endogenous HIV-1 LTR, with different kinetics depending on the signaling pathway used. Tat expression was detected 6 h after exposure to TNF-a ( Fig. 6A; Supplemental Fig. S3A ) and was accompanied by strong induction of the d2EGFP reporter gene (Supplemental Fig. S1C ). In contrast, TNF-a treatment caused a rapid loss of IkB and nuclear translocation of CDK7-phosphorylated GST-CTD substrate by recombinant Tat:P-TEFb complexes was monitored in the presence or absence of recombinant Ssu72, as indicated. The experimental procedure is outlined above the panel, and CTD phosphorylation was monitored by immunoblot with the indicated antibodies. Note that each reaction contained identical levels of the S5P-CTD substrate.
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Cold Spring Harbor Laboratory Press on October 24, 2017 -Published by genesdev.cshlp.org Downloaded from NFkB within 30 min (Supplemental Fig. S3B ) and induced downstream target genes such as IkBa and A20 (data not shown). Immunoblot analysis confirmed Ssu72 expression in 2D10 cells, and knockdown of Ssu72 with either of two different siRNAs significantly decreased Tat expression from the integrated provirus in these cells (Fig.  6B) . Analysis of proviral mRNA levels by qRT-PCR (Supplemental Fig. S3C ) and expression of the d2EGFP reporter gene (Supplemental Fig. S3D ) revealed that Ssu72 is required for optimal HIV-1 transcription in these cells.
Changes at the integrated provirus in response to TNFa signaling were examined by ChIP analysis in these cells (Fig. 6C) . Previous studies have shown that the HIV-1 proviral promoter is generally devoid of active chromatin modifications in the absence of signaling, and basal transcription is very low (Mbonye and Karn 2012) . As shown in Figure 6C , NFkB and TBP were rapidly recruited to the HIV-1 promoter in response to TNF-a signaling (0.5 h, red line). Interestingly, the NELF complex subunits (NELF-A and NELF-E) were also recruited at this time, which suggests that NFkB initially recruits NELF and induces RNAPII pausing at the HIV-1 LTR, which may contribute to the delay of viral transcription compared with that of TNF-a-induced cellular genes. In support of this scenario, the levels of S5P-RNAPII and S7P-RNAPII at the HIV-1 promoter, which were low prior to TNF-a stimulation, also increased strongly at the 59 end of the transgene at the early time points (0.5 h and 2 h). These findings show that TNF-a signaling leads to the assembly of a paused RNAPII complex at the proviral promoter, which is only overcome at later time points (6 h) when Tat is expressed.
Consistent with the time course of Tat expression by immunoblot, our ChIP experiments revealed that Tat was not present at the HIV-1 promoter at 2 h but could be readily detected after 6 h of treatment with TNF-a (Fig.  6C, purple line) . Importantly, Tat occupancy correlated with the loss of the NELF-A and NELF-E subunits. Moreover, the DSIF complex subunits Spt4 and Spt5, which were recruited together with NELF to the HIV-1 59 LTR but not the coding region at early time points (0.5 h and 2 h), moved into the coding region upon Tat binding at the 6-h time point. Interestingly, Tat occupancy peaked downstream from the viral promoter and declined prior to reaching the 39 end of the provirus, indicating that Tat Cold Spring Harbor Laboratory Press on October 24, 2017 -Published by genesdev.cshlp.org Downloaded from does not travel with DSIF and the RNAPII elongation complex to the transcription termination site (TTS). Occupancy of CycT1 and CDK9 (P-TEFb) increased dramatically at the 6-h time point and followed a profile identical to that seen with Tat. Moreover, the SEC subunit AFF4 also showed the same pattern. Levels of S5P-RNAPII and S7P-RNAPII at the promoter also increased at the early 6-h time point, indicating that, in addition to increasing S2 phosphorylation, Tat may also increase P-TEFb phosphorylation at some S5 and S7 residues, as required to recruit specific CTD-binding proteins to the elongation complex.
Of note, Ssu72 levels were low at the promoter at the early time points (0.5 h and 2 h) but increased dramatically in the presence of Tat and spread into the proviral coding region (Fig. 6C) . Ssu72 occupancy mirrored that of the Tat:P-TEFb complex, which peaked in the middle of the coding region and declined before reaching the 39 end of the provirus. In contrast, the Spt6 elongation factor, which is critical for Tat transactivation, was only detected with Tat at the 6-h time point but traveled with RNAPII to the 39 end of the provirus, similar to the pattern observed for Spt4 and Spt5. Interestingly, Iws1, a partner of Spt6 in S2P-RNAPII complexes (Yoh et al. 2007) , was also only detected at 6 h but peaked strongly in the middle and at the 39 end of the transgene, consistent with the high levels of S2P-RNAPII at this location. Last, the Pcf11 termination factor, which binds S2P-CTD, was detected only at 6 h and predominantly at the 39 end of the provirus. Knockdown of Tat in these cells greatly reduced CycT1/P-TEFb levels at the HIV-1 LTR and reduced RNAPII phosphorylation without affecting binding of NFkB or TBP, confirming the essential role for Tat in the recruitment and activation of P-TEFb (Supplemental Fig. S3E ). Moreover, analysis of the control transactivation-deficient 2B2D cell line, in which the integrated provirus encodes the inactive C22G-Tat mutant, revealed that TNF-a induces binding of NFkB and S5P-RNAPII to the proviral promoter but only marginal expression of the Tat C22G protein, and S2P-RNAPII levels did not increase in the coding region (Supplemental Fig. S3F) .
Taken together, these data show that Tat transactivation is accompanied by the release of the NELF pausing complex and assembly of productive RNAPII elongation complexes that carry the Spt4:Spt5 and Spt6:Iws1 complexes to the 39 end of the gene. The Tat:P-TEFb and AFF4/SEC complexes colocalize with RNAPII through a portion of the coding region but are displaced prior to the peak of S2P-CTD at the 39 end of the coding region. Ssu72 levels are also strongly increased in the presence of Tat and then decline, together with Tat:P-TEFb and AFF4/SEC, in the middle of the coding region. Tat modestly increased S5P-RNAPII and S7P-RNAPII, consistent with the recruitment and activation of P-TEFb, which is balanced by the increased levels of Ssu72 and correlates with increased elongation and S2P-RNAPII throughout the coding and termination region. A model depicting the effects of Tat on P-TEFb, Ssu72, and mRNA capping during the early stages of elongation is shown in Figure 6D (see the Discussion for details).
Human Ssu72 colocalizes with S5P-RNAPII but is dispensable for transcription at many human embryonic stem cell (hESC) genes
In budding yeast, Ssu72 is part of the CPF/CPSF termination complexes and shows highest occupancy at the 39 end of genes (Hampsey et al. 2011) , with a minor peak at active promoters, which correlates with gene looping. Due to potential redundancy with other RNAPII CTD S5P-specific phosphatases (including, especially, RPAP2), it is unclear whether Ssu72 is a necessary elongation factor for mammalian genes. Our initial experiments indicated that this may not be the case because Ssu72 was dispensable for mRNA accumulation at the c-Fos and the Wntinduced AXIN2 genes. Thus, Ssu72 may not be generally required for P-TEFb-regulated transcription.
To better define Ssu72 occupancy at cellular genes, ChIP-seq analysis was carried out in hESCs under selfrenewal growth conditions (Fig. 7) . A total of 16,326 Ssu72 peaks were mapped genome-wide in these cells. In contrast to the pattern observed in yeast but similar to the pattern observed at the HIV-1 promoter, human Ssu72 was preferentially recruited to host cell promoters and 59 untranslated regions (UTRs) ( Fig. 7A; Supplemental Fig.  S4A ). This is consistent with previous reports that human Ssu72, unlike the yeast Ssu72, is not an integral component of transcription termination complexes (Xiang et al. 2010) . As shown in Figure 7A , significant levels of Ssu72 were also associated with noncoding RNA genes. Ssu72 occupancy peaked most strongly at gene transcription start sites (TSSs), declined sharply throughout the coding region, and peaked again, but more modestly, in the region beyond the 39 TTS (Fig. 7B) . In general, Ssu72 aligned with promoter-proximal S5P-RNAPII genome-wide, although some variation in the pattern of Ssu72 binding was observed at individual genes. For example, the POU5F1 gene showed the typical Ssu72 distribution at the promoter, whereas the NANOG gene contained similar levels of Ssu72 and S5P-RNAPII at the promoter and terminator regions (Fig. 7C) . Overall, 5950 genes were found to contain Ssu72 near the TSS, whereas 702 genes contained Ssu72 both at the TSS and downstream from the TTS (Supplemental Fig. S4B ; Supplemental Table S1 ).
The potential influence of Ssu72 on hESC gene transcription was evaluated by siRNA knockdown and GRO-seq analysis (Fig. 7D,E) . Depletion of Ssu72 did not affect nascent transcription at most genes, indicating that it is not a general elongation factor in hESCs. Consistent with a possible role in cotranscriptional termination, a modest readthrough of transcription was observed at the 39 TTSs of many genes, which was also apparent globally ( Fig. 7E; Supplemental Fig.  S4C ). Taken together, these findings indicate that Ssu72 colocalizes with S5P-RNAPII in hESCs but, unlike P-TEFb, is not generally required for transcription.
Discussion
The Tat transactivation mechanism
Transcription elongation is invariably coupled with phosphorylation changes in the RNAPII CTD that reflect the interplay of specific CTD kinases and phosphatases. We show here that the HIV-1 Tat transactivator binds to Ssu72 and strongly stimulates its CTD phosphatase activity in vitro. Ssu72 also acts synergistically with Tat to stimulate HIV-1 transcription in a manner that requires the Ssu72 CTD phosphatase activity and the C-terminal motif that binds Tat. These results are supported by the finding that knockdown of Ssu72 in HIV-1:Luc HeLa cells or in latently infected 2D10 cells reduces Tat expression and increases S5P-RNAPII levels at the integrated proviral promoter. In cell-free kinase assays, Tat stimulates the catalytic activity of both Ssu72 and P-TEFb on CTD substrates. Removal of S5P-CTD by Ssu72 was essential to enable Tat:P-TEFb to phosphorylate this substrate, consistent with the observation that S5P blocks P-TEFb phosphorylation of CTD peptides in vitro (Czudnochowski et al. 2012) . Thus, Tat activates Ssu72 to overcome transcriptional attenuation and pausing of the S5P-RNAPII complex at the integrated proviral promoter. Through stimulation of Ssu72 activity, Tat might also simultaneously reinforce Ssu72-dependent intragenic looping of the provirus (Perkins et al. 2008) . Tatdependent recruitment and activation of the P-TEFb kinase can then promote elongation and accelerate the early S5P-S2P transition and loading of CTD-binding factors necessary for cotranscriptional splicing and viral gene expression.
These conclusions are supported by ChIP analysis of the proviral genome in 2D10 cells, which shows that the virus-encoded Tat protein recruits Ssu72, P-TEFb, and AFF4/SEC to the HIV-1 promoter concomitant with the release of NELF and movement of RNAPII elongation complexes containing Spt4, Spt5, and Spt6 into the proviral coding region. Interestingly, Tat, Ssu72, P-TEFb, and AFF4/SEC did not travel with RNAPII to the 39 end of the provirus, consistent with previous studies showing that P-TEFb does not colocalize with the peak of S2P-RNAPII at the 39 end of cellular genes (Bartkowiak et al. 2010) . In yeast, Ssu72 is commonly associated with the S2P-S5P transition at gene terminator regions, whereas Rtr1 (human RPAP2) controls promoter-proximal S5P levels for many active genes. However, Ssu72 is also required for transcription at a subset of yeast genes (Dichtl et al. 2002, Reyes-Reyes and . Our nuclear run-on experiments establish a transcriptional role for catalytically active Ssu72 in Tat transactivation, indicating that it can also function as a gene-specific coactivator in mammalian cells.
These new findings, combined with earlier studies, indicate that Tat controls multiple steps at the HIV-1 core promoter immediately following promoter clearance (Fig. 6D) . First, Tat binds to the Mce1 capping enzyme on the S5P-RNAPII and stimulates guanylation of nascent HIV-1 transcripts (Chiu et al. 2001 (Chiu et al. , 2002 . Biochemical reconstitution of this reaction indicates that Tat binds viral mRNAs cotranscriptionally and can stimulate capping in early elongation complexes prior to the synthesis of the TAR RNA stem-loop structure. Following successful mRNA capping, our findings here indicate that Tat recruits and stimulates Ssu72 to remove the TFIIH:CDK7-mediated S5P-CTD. This will release factors bound to the S5P-CTD, including the capping enzymes, and potentially also the Setx premature termination complex. Thus, stimulation of Ssu72 phosphatase activity by Tat may allow it to counteract premature termination and processing of nascent transcripts by the human Setx complex Wagschal et al. 2012) , in essence functioning as a gene-specific anti-termination factor. Tat then stimulates P-TEFb to phosphorylate the CTD at the S2 position to effect the early S5P-S2P transition and stimulates Spt5 and other factors at the promoter to promote elongation.
Because P-TEFb also phosphorylates the CTD at the S5 and S7 positions, Tat may balance the activities of Ssu72 and P-TEFb to create the CTD phosphorylation pattern needed to attract specific CTD-binding proteins to the elongation complex. As expected, we found that Tat:PTEFb promotes the release of NELF and enables Spt5/ DSIF to travel with the elongation complex. High-affinity binding of Tat:P-TEFb to TAR RNA may further enhance CTD phosphorylation and elongation complex assembly. Although the model outlined in Figure 6D suggests that Tat acts in successive steps to promote elongation, these reactions may be carried out in concert in vivo to ensure that short attenuated transcripts are not capped and cannot compete with full-length transcripts for export and translation. Our mapping experiments indicate that Ssu72 does not interfere with binding of Tat to P-TEFb, and it will be important to learn whether Ssu72 can function within the Tat:P-TEFb:TAR RNA complex. Alternatively, multiple Tat proteins may function at the proviral promoter in distinct complexes that contain P-TEFb, Ssu72, or the capping enzymes.
The observation that Tat is induced with very different kinetics in T cells in response to TNF-a (4-6 h) or TCRa (0.5 h) signaling in 2D10 cells strongly suggests that multiple mechanisms exist to overcome pausing and premature termination. In yeast, attenuation at the IMD2 gene, which is most pronounced under limiting nucleotide levels, is relieved through switching to an alternative downstream TSS that bypasses the terminator complex (Jenks et al. 2008) . At the S. cerevisiae FKS2 cell wall gene, premature termination is overcome by the osmotic stress-induced MAP kinase Mpk1, which binds Paf1c and blocks recruitment of the Sen1:Nrd1:Nab3 termination complex (Kim and Levin 2011) . The rapid induction of HIV-1 transcription and Tat expression also depends on activation of MAPK/ERK kinases and correlates with CDK9-S175 phosphorylation (Mbonye et al. 2013) . Our data show that HIV-1 Tat induction in TNF-a signaling cells, which assemble high levels of NELF and paused S5P-RNAPII at the proviral promoter but do not activate MAPK/ERK kinases, proceeds through the recruitment and activation of Ssu72. Transcription elongation is highly efficient in TCRa signaling cells, and paused S5P-RNAPII complexes do not accumulate to high levels at the promoter. Consequently, it will be important to learn whether Tat can use different mechanisms to overcome pausing and premature termination, depending on the cellular environment of the integrated provirus.
Human Ssu72 colocalizes with RNAPII CTD-S5P genome-wide
To further characterize human Ssu72, we carried out ChIPseq and GRO-seq studies in hESCs under self-renewal conditions. These studies revealed that the genome-wide occupancy pattern for human Ssu72 is opposite to that seen in yeast, with the highest peaks detected at gene promoters, and a much smaller peak in the terminator region. The Ssu72-binding pattern closely matches that of S5P-RNAPII in hESCs, which is predominantly found at promoter-proximal and 59 UTRs. These findings are consistent with reports that mammalian Ssu72, unlike yeast Ssu72, is not an integral subunit of human cleavage/polyadenylation complexes. Heat map analysis indicates that Ssu72 levels correlate with active genes, and GRO-seq analysis revealed little effect on transcription at most hESC genes. Interestingly, we did detect a modest cotranscriptional readthrough at gene terminator regions genome-wide in Ssu72-depleted cells, which may reflect the ability of the symplekin terminator protein to bind and stimulate Ssu72 catalytic activity (Xiang et al. 2010) . Ssu72 was also dispensable for transcription at several Wnt and Activin-induced genes that we tested in hESCs (data not shown). The predominant role of Ssu72 at hESC promoters may be related to gene looping, which has been suggested to facilitate transcription reinitiation, directionality, and epigenetic memory (Grzechnik et al. 2014 ). Interestingly, some active genes, such as NANOG, contained high levels of Ssu72 at both the 59 and 39 ends of the gene, whereas Ssu72 was restricted to the promoter region at other active genes, such as POU5F1. Although it is not clear whether 39 enrichment of Ssu72 correlates with promoter-terminator gene looping, these findings indicate that the pattern of Ssu72 occupancy and, presumably, also its function may differ among active genes.
It will be important to learn whether human Ssu72 affects transcription at other genes (for example, the subset of cellular genes that require Pin1) and whether other activators bind and stimulate Ssu72 activity. It also remains to be seen whether Tat regulates Ssu72 catalytic activity through allosteric effects on the phosphatase domain, as seen with human symplekin (Xiang et al. 2010) . Given the strong genetic interactions between Ssu72 and TFIIB, it is interesting that TFIIB was recently
